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The angula ard velocity distributiors of desorbimg N,, N,O, and NO molecule were studial in the
decompositia of NO ard alo N,O on a palladiun (110 surfa@ by mears of angle-resolved
therma desorptim combinal with cross-correlatin time-of-flight techniquesThe resuls were quite
similar in both case althoudh the desorptio of N ,, N,O, and NO concurrenty peakel at 490 K in
the NO decompositia and in the N ,O decompositionthe desorptim of N , and N,O peakel at 140
K. The desorptim of N,O and NO showel a cosire angula distribution and a Maxwellian velocity
distribution at the surfae temperatureOn the otha hand the N, desorptim collimated sharpy at
+41°-43° off the surfa@ normd in a plare along the [001] direction Then the velocity
distributiors of N, involved two hyperthermbcomponerd with the mean translationhenergy of
0.47 ard 0.22 eV, respectively A mechanim for the inclined N, desorptim was propose to be due
to ahighly exotherme reactian of N,O(ad—N,(g) + O(ad ard the strorg repulsiwe force operative
on the produd N, from the surface © 199 American Institute of Physics.

[S0021-960699)70317-X]

I. INTRODUCTION

The decompositia of NO on noble—-metd surface is
onre of the key processgon the actuad three-wg catalyss for
controlling automotiwe exhaustig gases. The complee con-
versian into N, ard O, is desirable but it can hardly be
achievel becaus of the outgrowh of othe oxides N,O, etc.
Knowledge of the relation of both N , and N,O formation is
requisie for improving sud environmenth catalysts A
Pd 110 surfa@ is active towards therma dissociatimm of NO
althoudh the reaction accompanig the emissio of both N,
and N,0.>* |kai and Tanala reportal interestiy angular
distributiors of desorbig N, in the NO decompositia on
Pd110 and proposeé the mechanim “desorption-mediated
emission.”® The N, desorptim was concentraté in a plane
along the [001] direction and collimated very sharpy 37° off
the surfa@ normal This inclined desorptim was not found
in the catalytic reaction of NO and H, in which the N, de-
sorptian was collimated along the surfa@ normal.

The spatid ard velocity distributiors of desorbiry sur-
face specia can yield both the structurd and dynamt infor-
mation of reaction sites and reactio itseff when the mol-
ecules undergos strorg repulsive force from the surface®
The molecules being producel are releasd immediately
(within the periad of molecula vibration) from the surface
before becomimy accommodatwith the surface The direc-
tion of the repulsie force exertel towards the reactio site
normd is preserve in the desorptim dynamics Further-
more hat atorrs or molecules producel in thermat or photo-
dissociatim can participae in the reactio”’ and in some
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cases induces desorptim inclined far from the site
normal®° The latter desorptim may occu wheneve the
dissociatim of admoleculsis able to emit translationaly hot
atons or molecules.

In this communicationwe first repot the high velocity
of desorbig N, which peals at =41°-43° off the surface
normd in a plare along the [001] direction in both NO and
N,O decompositioaon Pd110. This confirms that N,O(ad)
is intermedia¢ specis for the conversim of NO into N..
Furthermorea mechanim for the inclined desorptim of N,
is proposedli.e., the repulsiwe force is operative towards N,
both from the surfa@ and the remainirg oxygen after the
N,—O bord rupture becaus of the high exothermiciy in the
reaction of N,O(ad—N,(g) +O(ad).

II. EXPERIMENT

The experimerg were performal in the apparats de-
scribel in detaik elsewheré? In brief, the UHV systen con-
sisted of three chambers (i) a reactim chambe equipped
with LEED-AES optics an Ar * gun and aquadrupaé mass
spectromete(M ,), (ii) a choppe chambe with a pseudo-
randan choppe betwee the slit on ead end and (iii) an
analyze chambe with anothe mas spectromete(M,). A
Pd110 sampe crystd in a disk-shapd slice (10 mm in
diamete X1.0 mm thick) was sd& on top of an L-shaped
manipulator It could be rotated at the top in orde to change
the desorptim angk (the polar angke denotel as 6). Inaccu-
ragy in the angula determinatio was Ag==*+1°,

For angle-resolvé TDS experimentsa clean Pd110
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surfae was exposeé to 0.20-0.50 L of N0 (1 Langmuir
=1.0x10"° Torrs) arourd the surfa@ temperatue T,
=350K and then heatel at constan rates 5-9 K/s, while the
produd signak of °N,, 1°N,'%0, 1°N*€0 were monitorel in
angle-integrateé form by M;, and alo in angle-resolved
form by M,. For velocity measurementshe flow of product
molecules passig the first slit was modulatel by the chopper
ard the arrivd time at the ionizer in M, was registere on a
multichanné scale running synchronous! with the chopper
blade Appropriae time resolutiors were 15 us for N, and 30
us for both NO and N,0O, attainal with 130.72 ard 65.36 Hz
of choppe rotation rates respectively'?

At low temperatue experimentsa clean Pd110) surface
was expose to 0.20 L of N,'0 below 130 K and then
heatel at aconstanrate 7 K/s. A significart fragmentatio of
N,O was observe at the filamert of M;.'® The cracking
fraction was N,:N,O:NO=0.49:1.00:0.3/meanimg tha 26%
of N,O was convertel into N,, ard 20% of N,O into NO.
The crackirg fraction at M, in the analyze chambe was less
than that at M.

Ill. RESULTS

The desorptio of NO peake at 490 K and was accom-
paniel with the emissim of N, ard N,O when the surface
coveral by NO was heated Figure 1(a) shows typicd ther-
mad desorptim specta of N, in angle-resolve form together
with N,O and NO in angle-integrate form when the surface
was expose to 0.50 L of NO arourd 350 K. The maja NO
desorptio pek was observe at 490 K and two shoulders
were found at 380 ard 520 K. Only the NO pe& at 490 K
was accompani@ with N, and N,O emission Otherwise a
smal oxygen pe&k was observe arourd 800 K. Thes ob-
servatios indicak tha the desorptio ard the dissociatio of
NO(ad) proceel simultaneousl abowe 440 K. The desorp-
tion of N, and N,O reachéd almog the maximum levd at
exposurs abowe 0.50 L of NO.

The N, desorptiom was monitored in angle-resolve form
at variows desorptim angles in aplare along the [001] direc-
tion. The N, signd was suppresse consideraly at §=0°,
wherea it was highly enhancd aroundé==*+41° as shown in
Fig. 1(a). In fact, the angula distribution of N, peaked
sharpy along the off-normd direction Figure 2(a) shows the
distribution of N, emissio in polar coordinats which was
describe as cos'(#+41) wheren=28. lkai and Tanaka
found this inclined desorptim as cos'(6+37) form with
n=4622 The discrepang may be due to the differen in
angula resolution betwea the two apparatusAfter subtrac-
tion of this componenta normally-directel desorptia re-
mainel in asmal amount The off-normd and shap beams
of N, sugges tha the strorg repulsive force is operative
towards both parallé and perpendiculadirectiors to the sur-
face.

The abowe statemehwas confirmed by the velocity mea-
suremerg of desorbig N,. The velocity distribution ob-
serval at the collimation angk is shown in Fig. 2(b). Most of
the actua desorbilg N, molecules were hyperthermal The
experimenthdistribution curve as well presentd by the de-
convolutian into two fag componentsnamely *‘F;’’ and
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FIG. 1. (a) Thermd desorptim specta of N, in angle-resolve forms and,
N,O ard NO in angle-integrate forms, observel when a Pd110) surface
was exposeé to 0.50 L of NO arourd 350 K. (b) Desorptim specta of the
three specis after 0.20 L exposue to N,O belonv 130 K. The desorption
angk is in aplare along the [001] direction (c) Geomety of N,O at the
instart of decompositia on Pd110. The size of N,O is re ferred to a
gaseos molecule The broken circle indicates the N, molecuk estimated
from van der Waak radius.

“F,’. Ead componeh of the distribution curve was de-
scribed by the modified Maxwellian form as y(v)dv
sp*ex —(v—vo)¥a?]dv.’> The F; componenh yielded the
width paramete of «=333 m/s, the stream velocity af,
=1610m/s ard the mean translationaenergy of 0.47 eV or
2700 K in the temperatug unit. The F, componehdelivered
a=408 m/s vy=942m/s ard the translationh enery of
0.22 eV or 1300 K.

On the otha hand the angula distributiors of NO and
N,O were mostly describé as acosire function Thes mol-
ecules are considerd to be fully accommodat with the
surfa@ prior to desorption This was confirmel further by
the velocity measurementd he velocity distribution of des-
orbing N,O was well describé by a Maxwellian distribution
a the surfa@ temperatue as shown in Fig. 2(b). A similar
velocity distribution was also observe for desorbig NO.
Both the reactah NO ard the produ¢ N,O desob after a
surfa@ residene time long enoudp to be accommodated
with the surface The< findings suggesa possibility tha the
decompositia of N,O is the elementay step to produ@ N,
from the NO decomposition.

Furthermoreangula and velocity distributiors of N, de-
sorbirg in the course of N,O decompositia were al stud-
ied. When the surfa@ exposé to 0.20 L of N,O belon 130
K was heated the maja desorptimm of N,O was accompa-
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FIG. 2. (a) Angular distributiors of N, desorbilg from a NO adsorbed
Pd110 surface The relative pe& heigtt of N, is plotted in polar coordi-
nates for the exposue to NO at 0.50 L (closel circles and at 0.20 L (open
triangles. The fitting curve (full line) is obtainal by the deconvolutia with

the functiors co®#+41) and co%4, the latter being drawn by a broken
line. (b) Velocity distributiors of desorbig N, at #=41° (closed circlesand
N,O at #=0° (open circles The fitting curve for N (full line) was obtained
by the deconvolutim with two modified Maxwellian forms (broken lines). A

Maxwellian distribution at the surfa@ temperatue is drawn for N,O (dotted
line).

nied with a promg N, desorptiom at 140 K and completed
belonv 200 K as shown in Fig. 1(b). Here no signd of NO
desorptim was found excep for a trace amoun of signal
attributed to the N,O fragmentationThe N, signd in angle-
resolvel form in a plare along the [001] direction was still
enhancd arourd the inclined direction of 6=43° rather than
the normd direction The angula distribution of N, is shown
in Fig. 3(a). It agan collimated sharpy along the off-normal
direction in a plare alorng the [001] direction The distribu-
tion curve was describé as cos'(#—43), wheren=60+20.
Otherwise the componeh of normally-directe desorption
occurral as found in the NO decompositionlts distribution
curve was approximate as cos' 6, where n=3+2.

The velocity distribution of N, desorbilg at 6=43° is
shown in Fig. 3(b). The distribution was quite similar to that
in the NO decomposition Thus the velocity distribution
agan consiste of two fas componentsF,; ard F,. The
parametes yielded were =258 m/s andvy= 1661 m/s for
the F; componentand =408 m/s and =942 m/s for the
F,. The resultan translationbtemperatue for ead compo-
nert was almog identicd to tha found in the NO decompo-
sition. The contributian of the F, componehwas however,
enhancd slightly. The presem resuls suppot the mecha-
nism tha N, molecules are emitted with an exces transla-
tiond energ through the decompositia of N,O on the sur-
face.
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FIG. 3. () Angular distribution of N, desorbig from a N,O adsorbed
Pd110 surface The relative pe& height for N, at 0.20 L exposue to N,O

is plotted in polar coordinate (closel circles. The fitting curve (full line)

was obtainal by the deconvolutim with the functiors co$% #+43) and
cos 6 (broken lines). (b) Velocity distribution of desorbig N, at §=43°

(closdl circles. The fitting curve (full line) was obtainel by the deconvo-
lution with two modified Maxwellian forms (broken lines). A Maxwellian
distribution at the surfa@ temperatue is also drawn (dotted line).

IV. DISCUSSION

At low coverag of NO and at room temperature a
Pd110(2x1)—NO structue was confirmel by LEED,
IRAS, and NEXAFS studies indicative of NO adsorbd on
the shot bridge site on a Pd(110 surfae tha has undergone
no substantihreconstructiort**®> No dissociatim of NO oc-
curs below 440 K.®® With increasiny surfae temperaturea
patt of NO is desorbd ard the remainirg NO is dissociated
to N(ad ard O(ad. NO admoleculse migrae with a high
mobility abowe room temperatue ard are likely to read rap-
idly with N(ad) and produe N,O(ad). A pat of the product
N,O(ad desorls thermally after full accommodatin with
the surface Remainirg N,O(ad) is decompose into N,(g)
ard O(ad. N,O admoleculs are actualy formed from
NO(ad) and N(ad) at temperature as low as 100 K on
platinum?®

The produd N, is expectd to carty away a high trans-
lationd enery becaus the hed of decompositio of
N,O(ad)—N,(g) + O(ad) is highly exotherme by abou —46
kcal/mol This was estimate from the fact tha the reaction
in the gas phaseN,O(g) — Nx(g) + O(g), is endothermt by
abou +39 kcal/md (Ref. 17) ard the hea of formation of
Pd—O bord is exotherme by abou —85 kcal/mol*® Further-
more the activation energy for the N,—O bord rupture on
the surfa@ was estimate to be of abou 9 kcal/md from the
TDS pe& temperatug in the presemwork. This amouns to
the hea of adsorptim of N,O.1%?°1t is highly possibe that a
pat of the hea of decompositia of N,O(ad) is releasd and
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partitional into the translationa mode of desorbig N, as
well as the internd moce of the molecule.

The gaseos N,O is alinea molecule A possibe geom-
etry of N,O at the instart of decompositia is drawn in Fig.
1(c), where the bord lengh of gaseos N,O and a nondis-
torted Pd110) surfa® are assumedThe size of N, molecule
in a physicd adsorptio stak is also shown by assumig the
radits of 2.0 A.?1?2N,0 molecules are adsorbd in ahighly-
inclined and linear form throuch the nitrogen end on
P1(111).1° The molecuk is forced to lie on the surfa@ prior
to decompositio and then the oxygen is left on the adsorp-
tion site when the N,—O bord rupture takes place At the
instart when this bord rupture is finished the nascen N,
molecules receiwe the strorg Paul repulsio in the direction
normad to the surfa@ in addition to the force of bord rupture
paralld to the surface This is becaus the position of the
N—N portion of the molecuk is in close conta¢ with the
surfa@ compare with the equilibrium position of the physi-
cd adsorptim or the weakly chemisorbd stae of N,.?1?2
Eventualyy the molecuk will leawe the surfa® in the direc-
tion inclined from the surfa@ normal.

The energ transfe to desorbiig N, is reminiscem of the
multidirectiona desorptim of O,ad) in a photoinduced
reaction® In the latter, a hot atom emitted along the bond
orientatian of oxygen admoleculs collides with neighboring
O,(ad. The direction of resultam desorptia is controlled by
the momentun transfe from the hot atam ard also from the
repulsiwe force operative along the surfa@ normal The latter
force isinduced by the chang of surfa® electrone structure
due to the formation of the Pt—O bond?® The collimation is
shifted far from the surfae normd when the former momen-
tum transfe is significant The decompositia of N,O is
analogos to the reaction mention@ above since an excess
amourt of enery is releasd wheneve N,—O bord rupture
takes place.

The dissociatio step of NO(ad) is considerd to be rate-
determinirg in the NO conversimm into N, ard O, on
Pd110. Thisis confirmeal from the fact tha the reactio of
NO(ad)+N(ad—N,O(ad) proceed rapidly even arourd 100
Konplatinum?® ard the decompositia of N,O(ad—N ,(g)
+O(ad) occus at temperaturgas low as 140 K on Pd110).
The N,O molecules formed in this way stay on the surface
for a while enoudn to be thermalized Then sone of the
admoleculs desorls in to the gas phase yielding a cosine
angula distribution and aMaxwellian velocity distribution at
the surfa® temperatureThe otha admoleculs are likely to
be orientad parallé the the [001] direction and watch for a
chane to surmoun the activatian barrie for the decomposi-
tion into N,(g) and O(ad). Thus the reactio pathway for the
NO decompositia on Pd110 can be summarizd as fol-
lows:

NO(ad—N(ad+0O(ad), 1
NO(ad +N(ad)—N,O(ad), 2
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N,O(ad—N,(g) + O(ad), ©)
N,O(ad—N,0(9), (4)
20(ad—04(9). (5)

Finally, the combinative desorptim of N(ad)+N(ad
—N,(g) becoms a maja reaction pathwg in the N, emis-
sion at temperature as high as 600 K.® A study of such
combinative desorptimm dynamic indicatel thet the highly
energeti N, was emitted alorg the surfa@ normal®* How-
ever, the componeh of normally-collimatel desorption
found in the presen study may not be attributed to this com-
binative process This is becaus the dissociatd N(ad) rap-
idly reacs with NO(ad to produ@ N,O(ad) arourd 500 K.
In orde to investigak this issue we neeal further experi-
mens of angula and velocity distributiors of desorbig N,
in a plare along the [110] direction.

ACKNOWLEDGMENT

M. Bi isindebtal to the Japa Internation& Cooperation
Agency.

dAuthor to whom correspondereshoutl be addressedTel/Fax +81-11-
706-3695 electronc mail: yohk@cat.hokudai.ac.jp

bAlso at Harbin PetrochemidaFactory 246 Hua Gong Road Taiping Dist.
Harbin 150056 China.

K. C. Taylor, Catal Rev. Sci. Eng 35, 457 (1993.

2M. Ikai, H. He, C. E. Borroni-Bird, H. Hirano, ard K. Tanaka Surf. Sci.
315, L973 (1994.

3M. Ikai and K. Tanaka Surf. Sci. 357/358 781 (1996.

4S. Sugaj H. WatanabeT. Kioka, H. Miki, and K. Kawasakj Surf. Sci.
259, 109 (1991).

5T. MatsushimaHeterogeneasiChem Rev. 2, 51 (1995.

6T. MatsushimaSurf. Sci. 127, 403 (1983.

"W. D. Mieher ard W. Ho, J. Chem Phys 91, 275 (1989.

SA.N. Artsyukhovich and . Harrison Surf. Sci. 350, L199 (1996.

9T. YamanakaY. Inoug ard T. MatsushimaChem Phys Lett. 264, 180
(1997.

0M. Sang Y. Ohnq T. YamanakaT. MatsushimaE. B. Quinay, ard K.
Jacobj J. Chem Phys 108 10231 (1998.

11T, MatsushimaK. ShobatakgY. Ohnqg and K. TabayashiJ. Chem Phys.
97, 2783 (1992.

12G, Comsa R. David, ard B. J. SchumacherRev. Sci. Instrum 52, 789
(198)).

1BR. G. Shar ard M. Bowker, Surf. Sci. 360, 21 (1996.

1R. Raval M. D. Harrison S. Hag and D. A. King, Surf. Sci. 294 10
(1993.

15, Singh W. K. Walter, A. Atrei, and D. A. King, Chem Phys Lett. 185
426 (199)).

6. Wang R. G. Tobin, C. L. DiMaggio, G. B. Fishef and D. K. Lambert,
J. Chem Phys 107, 9569 (1997).

7S, K. Ross J. W. SutherlandS.-C. Kuo, ard R. B. Klemm, J. Phys Chem.
A 101, 1104 (1999.

18J.-W. He ard P. R. Norton Surf Sci. 204, 26 (1988.

19N, R. Avery, Surf. Sci. 131, 501 (1983.

20K, Sawale and Y. Matsumotg Chem Phys Lett. 194, 45 (1992.

2y, Kuwahara M. Jo, H. Tsuda M. Onchi and M. Nishijima, Surf. Sci.
180, 421 (1987).

22M. Bertolo ard K. Jacobj Surf. Sci. 265, 1 (1992.

23C. T. Rettne and J. Leg, J. Chem Phys 101, 1018 (1994.

24M. J. Murphy, J. F. Skelly, ard A. Hodgson J. Chem Phys 109, 3619
(1998.

Copyright ©2001. All Rights Reserved.



